CD26 is a 110-kDa, type II transmembrane glycoprotein with known dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5) activity in its extracellular domain and is capable of cleaving N-terminal dipeptides with either [L]{.smallcaps}-proline or [L]{.smallcaps}-alanine at the penultimate position ([@bib30]; [@bib22]). CD26 activity is dependent on cell type and the microenvironment factors that can influence its multiple biological roles ([@bib12]; [@bib23]). Robust evidence from our accumulating data indicates that CD26 has an important role in T-cell biology and overall immune function ([@bib18]; [@bib29]; [@bib19]; [@bib5], [@bib6]; [@bib13]; [@bib22]).

CD26 is also expressed on various tumours such as malignant pleural mesothelioma (MPM), renal cell carcinoma (RCC), colorectal cancer (CRC), hepatocellular carcinoma, lung cancer, prostate cancer, gastrointestinal stromal tumour, thyroid cancer and haematologic malignancies such as T-anaplastic large cell lymphoma, T-lymphoblastic lymphoma and T-acute lymphoblastic leukaemia ([@bib12]).

Our previous work demonstrated that CD26 is preferentially expressed in MPM cells but not in normal mesothelial cells ([@bib1]), and suggested that membranous expression of CD26 is of potential importance in the treatment of MPM patients ([@bib2]). More recently, we demonstrated that the CD26-positive population of CD24^+^CD9^+^ MPM cells exhibits the cancer stem cell features ([@bib9]; [@bib34]). We also reported robust *in vivo* data on the anti-tumour activity of anti-CD26 mAb in mouse xenograft models ([@bib15]; [@bib16], [@bib17]; [@bib26]; [@bib33]).

YS110 is a recombinant DNA-derived humanised monoclonal antibody that selectively binds with high affinity to the extracellular domain of CD26.

The antibody is an IgG1 kappa with a molecular weight of 144 kDa and was humanised via an *in silico* design based on the amino-acid sequence of anti-human CD26 murine mAb (14D10), which inhibited tumour cell growth, migration and invasion, and enhanced survival of mouse xenograft models ([@bib16]). The gene of YS110 is deposited to ATCC in designated with accession No. PTA-7695. The gene is preserved in DH5*α Escherichia coli* with plasmid having insert of heavy and light chain of a humanised monoclonal antibody against human CD 26 cDNA. The strain designation is S604069. YST-pABMC 148 (× 411). YS110 is produced by fermentation in mammalian cell (Chinese hamster ovary) suspension culture with the Glutamine Synthetase Expression System. *In vitro* pharmacological evaluation of YS110 demonstrated its selective binding to human CD26 on a number of human cancer cell lines and tissues, and no evidence for immune activation and no effect on DPPIV activity, while exhibiting direct cytotoxic effect on certain human CD26-positive cancer cell lines ([@bib16]). In addition to antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity ([@bib16]), YS110 induces tumour cell lysis *in vitro* via alternative original mechanisms: (i) a direct anti-tumour effect through the induction of cell cycle arrest by induction of p27^*kip1*^ expression ([@bib16], [@bib17]), (ii) following internalisation of the CD26-YS110 complexes, an inhibition of invasion and migration of tumours cells by decreased binding to the collagen/fibronectin microenvironment matrix ([@bib16], [@bib17]) and (iii) the nuclear translocation of CD26 molecules by internalisation of the CD26-YS110 complexes to inhibit proliferation of MPM cells via suppression of *POLR2A* gene expression ([@bib32]). In further studies using preclinical models, *in vivo* administration of YS110 resulted in inhibition of tumour cell growth, migration and invasion, and enhanced survival of mouse xenograft models inoculated with RCC or MPM ([@bib17]; [@bib26]; [@bib33]).

In addition to our robust *in vitro* and *in vivo* data on antibody-mediated dose-dependent tumour growth inhibition, YS110 exhibited excellent safety and pharmacological profiles in non-human primate models using single and repeated increasing intravenous doses. Considering the lack of T-cell proliferation and cytokine production *in vitro*, YS110 was therefore considered not to have an agonistic nor activating effect on human CD26-positive lymphocytes.

This first-in-human phase 1 clinical trial aims to evaluate the safety, pharmacokinetic/pharmacodynamic profiles and preliminary anti-tumour effects of YS110 in patients with CD26-expressing solid tumours and, particularly, refractory malignant mesothelioma, a tumour type in which successful therapeutic advances are expected to be warranted for a long time.

Materials and methods
=====================

Patients
--------

Eligible patients were 18--80 years old with locally advanced, inoperable or refractory solid tumours that were histologically documented to express the CD26 molecule. Cancer histologies included mesothelioma (pleural or peritoneal) or other solid tumours such as non-small-cell lung carcinoma, RCC or hepatocellular carcinoma. All patients were in relapse following or were refractory to prior standard therapies (regardless of the number of prior treatment lines), with a progressive evaluable/measurable disease. Other key inclusion criteria included Eastern Cooperative Oncology Group (ECOG) performance status score ⩽2, adequate bone marrow, liver and renal function; at least 4 weeks from prior surgery, chemotherapy, external radiotherapy or immunotherapy (at least 6 weeks from prior nitrosoureas). All patients provided written informed consent. This study was conducted according to the Declaration of Helsinki and was approved by an ethics committee and the French National Drug Agency.

CD26 immunohistochemistry screening
-----------------------------------

Analysis of CD26 tumour expression for pre-screening was performed centrally at Gustave Roussy by conventional immunohistochemistry performed on formalin-fixed paraffin-embedded (FFPE) archival tumour samples using a anti-human CD26 goat polyclonal antibody (AF1180, R&D Systems, Minneapolis, MN, USA) as previously described ([@bib2]). Briefly, all patients were pre-screened for confirmed CD26-positive expression, defined as ⩾20% of the tumour cells (1+, 2+ or 3+ intensity) and verified independently by two pathologists (P Vielh and T Yamada) ([Figure 1](#fig1){ref-type="fig"}).

Study design
------------

This first-in-human study was designed as a classical 3+3 dose-escalating phase 1 trial of the single agent YS110 ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). The primary objective was to determine the maximum tolerated dose (MTD) based on the occurrence of dose-limiting toxicity (DLT) and a recommended phase 2 dose (RP2D). Initially, cohorts 1--4 each planned to enrol 3, and up to 6, patients sequentially to evaluate escalating YS110 doses at 0.1, 0.4, 1 and 2 mg kg^−1^ for a total of three infusions of YS110 on days 1, 15 and 29 (one treatment cycle, Q2W). On the basis of preliminary pharmacokinetics (PK) data, the protocol was then subsequently amended to allow patients to receive a total of five infusions of YS110 on days 1, 8, 15, 22 and 29 (one treatment cycle, Q1W) at 2, 4, and 6 mg kg^−1^. Each cohort included a 24-h monitoring period following each infusion during the first cycle for evaluation of safety, DLTs and PK. Patients who completed one cycle and demonstrated a clinical response or stable disease could receive the second cycle of YS110 treatment cycles at the same dose and dosing frequency, until disease progression or a significant observed serious adverse event (SAE). If the patient continued the treatment, the second cycle was to begin initially 4 weeks (later amended to 2 weeks) after the last infusion of the first cycle (initially Day 57; after amendment, Day 43). For the subsequent cycles, the latency period between the last administration of a cycle and the beginning of the next cycle was 2 weeks. Secondary objectives of the study were to assess the safety and tolerability profile, PK, pharmacodynamics, preliminary anti-tumour activity and to collect survival data.

Safety
------

All adverse events and SAEs occurring from the informed consent signature up to 30 days after the last dose were reported according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE v3.0). An adverse drug reaction (ADR) was defined as an adverse event (AE) documented as possibly, probably or definitely related to the study drug or with unknown relationship to the study drug. A treatment-emergent adverse event was defined as an AE with onset on or after the first infusion. The DLT period was 2 weeks after the first YS110 infusion, whatever the dose schedule. Dose-limiting toxicities were defined as any grade ⩾3 non-haematological toxicity or a haematological toxicity of grade ⩾4. This definition was later amended to exclude reversible grade 3 infusion reactions defined as allergic reaction/hypersensitivity, fever, pain, bronchospasm, wheezing or hypoxia, occurring during the first dose infusion and resolving with a reduced infusion rate, a stop of the infusion, supportive care and/or the administration of corticosteroids ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). In case of treatment discontinuation due to reversible grade 3 infusion reactions, the patient was to be replaced with a new patient of the same cohort.

Efficacy
--------

Preliminary clinical efficacy was evaluated by radiological and tumour marker assessments performed at screening at Day 43 of each treatment cycle, and at end of treatment until progressive disease (PD) or withdrawal of consent. Tumour response was evaluated based on RECIST 1.0 criteria and defined as partial response (PR) or PD or stable disease (SD). Partial response was defined as ⩾30% decrease in the sum of the longest diameter (LD) of target lesions, PD was defined as ⩾20% increase in the sum of the LD of target lesions and stable disease was defined as neither sufficient shrinkage to qualify for PR nor sufficient increase to qualify for PD. Patients with mesothelioma were assessed according to modified RECIST criteria.

Pharmacokinetics
----------------

Serial blood samples were obtained at pre- and post-YS110 administration at Day 1, Day 8, Day 15 and Day 29 at specified time points throughout the study. Serum levels of YS110 were analysed by ELISA by Alta Intertek (San Diego, CA, USA). The method of blood sample collection is described in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Pharmacodynamics
----------------

All treated patients with appropriate post baseline samples were evaluable for pharmacodynamics analyses on blood samples collected at days 0 (baseline), 1 (post infusion), 2, 15 (pre- and post infusion), 29 (pre- and post infusion) for immunomonitoring and soluble CD26 (sCD26)/DPPIV (sDPPIV) activity assessments.

### Immunomonitoring

Immunomonitoring was performed centrally in the translational research laboratory at Institut Gustave Roussy, France (F Farace).

Immunophenotyping was performed for the monitoring of peripheral blood lymphocyte (PBL) CD26^+^ T (i.e., CD3^+^CD4^+^, CD3^+^CD8^+^) and NK (i.e., CD3^−^CD16^+/−^CD56^+^) subpopulations by flow cytometry using fluorochrome-conjugated commercially available specific mAbs with relevant isotypic controls (all provided from Pharmingen, San Diego, CA, USA). To ensure the specificity of the CD26 staining in blood samples collected under YS110 treatment, competition and cross-blocking experiments using the two different CD26 mAb clones 5K78 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and M-A261 (BD Pharmingen, San Jose, CA, USA) were also performed.

Dosages of serum cytokines (i.e., interleukin 6 (IL-6), tumour necrosis factor *α* (TNF-*α*) and IL-2) were investigated by standard commercially available ELISA assays (R&D Systems).

### Soluble CD26 (sCD26) and DPPIV activity assessments

Assays for soluble CD26 and DPP4 were developed in the Morimoto\'s Laboratory (Juntendo University, Japan) using anti-human CD26 murine mAbs that exhibit no cross-reactivity with the therapeutic humanised anti-CD26 mAb YS110 as described previously ([@bib8]; [@bib24]). The sampling times for sCD26 were identical to that for immunomonitoring.

Statistical analyses
--------------------

Descriptive statistics were used to summarise the data. The patient sampling size was a function of the 3+3 dose escalation schedule. The realised sample size was dependent on the number and pattern of observed DLTs. The maximum sample size was a consequence of the design\'s sampling requirements and the number of dose levels. In this trial with six dose levels, the maximum number of patients being exposed in each dose level was determined according to the DTL occurrence rate and confirmation of safety.

Results
=======

Screening for CD26 expression
-----------------------------

A total of 136 patients signed an informed consent form and were screened for CD26 expression on a FFPE archival tumour tissue sample. Mesothelioma, which was previously reported as one of the CD26-expressing tumour types was a main target indication with 60 patients screened (*n*=60, 53% were CD26^+^ cases). Examples of CD26 immunohistochemistry and scoring are presented in [Figure 1](#fig1){ref-type="fig"}. Other tumour types screened included RCC (*n*=18, 71% CD26^+^ cases), hepatocellular carcinoma (*n*=7, 22% CD26^+^ cases) and various other tumour types (*n*=31, 13% CD26^+^ cases). Overall, 56 (41%) patients were considered as CD26^+^ with the mean percentage of CD26 expression on tumour cells of 69% (range 20--100%) in the tested samples.

Patient characteristics
-----------------------

Thirty-four CD26^+^ patients (19 males and 15 females) were enroled in the study and treated at 5 investigational sites in France, with 33 patients being evaluable (19 males and 14 females). The most common tumour types were mesothelioma (*n*=23, 69.7%), RCC (*n*=9, 27.3%) and one patient had an urothelial carcinoma (*n*=1; 3.0%). All mesothelioma patients were diagnosed with the epithelioid histology and were all in advanced inoperable disease or refractory to previous line of treatment. Other tumour types were in stage III/IV Twenty-two patients were treated according to the Q2W schedule at 0.1 (*n*=3), 0.4 (*n*=3), 1 (*n*=6) and 2 mg kg^−1^ (*n*=10) and 11 according to the Q1W schedule at 2 (*n*=4), 4 (*n*=3) and 6 (*n*=4) mg kg^−1^ ([Table 1](#tbl1){ref-type="table"}). The median percentage of CD26^+^ tumour cells in archival samples from the patients treated was 63% (range 25--100%).

Safety
------

Eighteen patients received at least one cycle of YS110 with three infusions per cycle and seven patients completed at least one cycle with five infusions per cycle. Nine patients did not complete the first cycle.

During the DLT observation period (i.e., 15 days following the first infusion), two DLTs were reported as serious unexpected adverse events (SUSARs) consisting of grade 3 infusion reactions (one patient at the Q2W 1 mg kg^−1^ dose level and another patient at the Q2W 2 mg kg^−1^ dose level) that completely resolved with supportive treatment, but led to permanent discontinuation of treatment. As both patients had a history of allergies, consequently, the protocol was subsequently amended to add clinically relevant allergies as a new excluding criterion, as well as the administration of a systematic steroid prophylaxis prior to each infusion to better control potential infusion reactions (chills, fever, flushing, hypotension and respiratory disorders). With these modifications, dose escalation was possible up to 6 mg kg^−1^ in four patients without DLTs. Per protocol, dose escalation was stopped at the highest level of 6 mg kg^−1^ without the MTD being achieved.

All patients had one or more AEs and 113 ADRs considered to be possibly related to YS110 were reported by 30 (90.9%) patients. The most frequently reported AEs regardless of potential relationship to YS110 were asthenia (54.5%) and aggravation of prior conditions (30.3%). Adverse effects (related or not to treatment) occurring in more than 10% of the patients are reported in [Table 2](#tbl2){ref-type="table"} according to system organ class and preferred term. The majority of AEs were of mild (grade 1) or moderate (grade 2) severity. The most commonly reported grade ⩾3 AEs were dyspnoea (21.2%), hypersensitivity (15.2%), aggravation of prior conditions (15.2%), general physical health deterioration (12.1%) and hyperglycaemia (12.1%). Eight patients (24.2%) discontinued YS110 due to adverse events; most adverse events leading to discontinuation were considered unrelated to YS110, except for the two patients with infusion reactions considered as DLTs. Twenty-seven SAEs were reported in this study in 18 patients. Except for the two DLTs, all other SAEs, most commonly general physical health deterioration, were considered to be unrelated to YS110 but rather related to consequences of disease progression as assessed by the investigator, including the six patient deaths during the study.

No dose-dependent AEs were observed. Low-grade asthenia (30.3%), hypersensitivity (27.3%), nausea (15.2%), flushing (15.2%), chills (12.1%) and pyrexia (12.1%) were reported as ADRs.

No clinically significant abnormalities were observed in haematology and clinical chemistry laboratory parameters, as well as in ECG findings.

The main limiting toxicities in the study were infusion reactions, two being considered as DLTs leading to permanent discontinuation of treatment. Six severe hypersensitivity reactions were reported in five patients receiving a dose of 2.0 mg kg^−1^ and a severe anaphylactic reaction was reported in one patient receiving a dose of 1.0 mg kg^−1^. These ADRs, occurring mainly at the first infusion, were reversible and manageable with curative corticosteroids and antihistaminic drugs, and further prevented by a systemic corticosteroids premedication. Overall, these ADRs that did not appear to be related either to the dose level of YS110 or to the Q2W or Q1W schedule.

Pharmacokinetics
----------------

Following single and repeat intravenous infusions of YS110, there was a trend toward decreasing clearance (CL), increasing half-life time (*T*~1/2~) and increasing exposure (*C*~max~, AUC~0--168,~ AUC~0--∞~) with increasing doses, suggesting that CL was saturating across the dose range studied. Mean volume of distribution (*V*~z~, *V*~ss~) was similar or slightly higher than human serum volume, indicative of YS110 being primarily found in serum and consistent with prior observations for monoclonal antibodies. In general, exposure increased as the dose increased. Although increases in *C*~max~ appeared to be dose proportional, increases in AUC~0--168~ and AUC~0--∞~ were greater than dose proportional, and this was consistent with the trend of decreasing CL with increasing doses ([Table 3](#tbl3){ref-type="table"}). In addition, YS110 PK parameters changed with repeat dosing. For doses ranging from 1 to 6 mg kg^−1^, mean CL was ∼1.1--1.6-fold higher on Day 1 (*vs* Day 29), whereas mean *T*~1/2~ increased ∼1.2--2.3-fold and exposure (AUC~0--168~) increased ∼1.3--1.8-fold on Day 29 *vs* Day 1 ([Table 3](#tbl3){ref-type="table"}).

For the initial dose levels (0.1, 0.4, 1 and 2 mg kg^−1^), YS110 was administered on a Q2W schedule on days 1, 15 and 29. As expected, the maximum concentrations of YS110 (*C*~max~) on days 1 and 29 were proportional to the dose levels. However, calculated half-lives (1--2 days) were shorter than expected for a humanised antibody and serum concentrations were at or below detectable levels (0.4 *μ*g ml^−1^) by 1 week post infusion. To maintain measurable YS110 trough concentrations between doses, dosing was increased to five doses on a Q1W schedule on days 1, 8, 15, 22 and 29 for dose levels 2, 4 and 6 mg kg^−1^. *C*~max~ values on day 1 were roughly proportional to dose level. Mean half-lives increased with increasing dose levels, rising significantly from day 1 to day 15 to day 29 in the 2, 4 and 6 mg kg^−1^ cohorts (∼1, ∼2 and ∼3 days, respectively), and resulting in drug accumulation between the doses ([Table 3](#tbl3){ref-type="table"}).

Impact from exposure to YS110 on anti-drug antibody (ADA) response appeared to be most pronounced in the 0.4 mg kg^−1^ dose cohort. The two subjects who were ADA positive on Day 29 of Cycle 1 had notably reduced exposure relative to the one ADA negative subject. There were no ADAs detected in the higher dose groups.

Efficacy
--------

A secondary objective of the study was to evaluate for the potential anti-tumour activity of YS110 according to RECIST 1.0 criteria (or modified RECIST criteria for mesothelioma). No objective response was observed in the treated patients. However, stable disease per RECIST criteria as the best response was observed in 13 out of the 26 evaluable patients following the first cycle of treatment, as shown in the accompanying Waterfall Plot Chart ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Overall median PFS was 43 days ([Table 4](#tbl4){ref-type="table"}) as determined by a Kaplan--Meier Plot ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). However, PFS of 184--399 days was observed in 7 patients (five cases of mesothelioma and two cases of RCC) out of 26 cases (mesothelioma: 19 cases, RCC: 6 cases and urinary tract carcinoma: 1 case). [Table 4](#tbl4){ref-type="table"} summarises the median number of infusions administered and median PFS according to the different dose levels and schedule.

Pharmacodynamics
----------------

### Immunomonitoring

The CD26 immunophenotyping on peripheral T and NK lymphocyte subpopulations under YS110 treatment was validated by testing two different anti-CD26 mAb clones. Indeed, in the first 12 patients tested using the M-A261 mAb (BD Pharmingen), we observed a dramatic decrease of CD26^+^ cells consequently to YS110 administration, suggesting the lack of detection of the CD26 epitope due to YS110 binding. These results (not shown), led us to test in parallel another clone 5K78 (Santa Cruz Biotechnology) showing that CD26^+^ cells were still detectable under YS110 treatment. The validation of this anti-CD26 mAb was ensured by competition and cross-blocking experiments using increasing dilutions of YS110 in the CD26 immunophenotyping assay demonstrating no modulation of CD26^+^ subpopulations using the 5K78 clone in contrast to the first clone tested.

At baseline in our series of patients, the mean±s.d. (*n*=33) absolute values (× 10^6^ per ml) of lymphocytes populations were 0.94 (65.7%)±0.64 for CD3^+^CD4^+^, 0.33 (34.5%)±0.26 for CD3^+^CD8^+^ T cells and 0.17 (8.2%)±0.17 for CD3^−^CD16^+/−^CD56^+^ NK cells. The mean percentage of CD26^+^ subpopulations in the T-CD4, T-CD8 and NK cells was 24.7%, 8.2% and 5.2%, respectively with a significant inter-patient variability. After YS110 infusions, the levels of the various PBL subpopulations decreased at day 1 and 2 (i.e., 24--48 h following YS110 infusions), with a subsequent recovery at day 15 and 29 pre-infusion samples in most patients ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). This decline in different PBL subpopulations was more frequently observed in patients who received higher doses (2, 4 and 6 mg kg^−1^) of YS110. However, this trend was not statistically significant considering the inter-individual variations across the different dose levels.

### Serum cytokines

At baseline and during YS110, no serum IL-2 production was detectable in any of the patients. Significant rise of the pro-inflammatory cytokines IL-6 and TNF-*α* was detected at day 1 and 2 following the first infusion of YS110 at 0.4, 1 and 2 mg kg^−1^ at various levels, including the first patient with a grade 3 infusion reactions DLT (at the Q1W 1 mg kg^−1^ dose level). Different kinetics of serum IL-6 and TNF-*α* production were observed in patients receiving 2 mg kg^−1^ of YS110, whereas low or undetectable levels were observed in patients receiving 4.0 and 6.0 mg kg^−1^ of YS110, likely due to the administration of systemic steroid prophylaxis.

### sCD26 and DPPIV activity in sera

To determine serum levels of sCD26 protein and DPPIV enzyme activity in each cohort before and after administration of YS110, we developed an in-house ELISA assay for sCD26 and DPPIV using anti-human CD26 murine mAbs exhibiting no cross-reactivity with the therapeutic humanised anti-CD26 mAb YS110 ([@bib8]; [@bib24]).

As shown in [Figure 2A](#fig2){ref-type="fig"}, an increase in YS110 infusion dose was associated with decreased serum sCD26 level, particularly in the cohorts of patients treated at 2, 4 and 6 mg kg^−1^, with ∼80% decrease in sCD26 level. Moreover, as CD26 level reflects DPPIV enzyme activity in the serum, a similar reduction in DPPIV enzyme activity was observed ([Figure 2B](#fig2){ref-type="fig"}).

Discussion
==========

YS110 is the first, and currently the only CD26-directed mAb in clinical trial. This FIH study demonstrates that YS110 therapy exhibits a favourable safety profile and results in encouraging disease stabilisation in heavily pretreated CD26-positive MPM or RCC patients who had previously progressed on conventional standard therapies.

The spectrum of AEs, the most common of which were low-grade asthenia, hypersensitivity, chills, pyrexia, nausea, vomiting and headache, was similar to that previously described with humanised mAbs treatment ([@bib28]). Two DLTs were reported as SUSARs consisting in grade 3 infusion reactions that resolved with supportive treatment. As both patients had a history of allergies, the protocol was subsequently amended to include clinically relevant allergies as a new excluding criterion, and the administration of systemic steroid prophylaxis has been implemented prior to each infusion at all cycles to better control such infusion reactions. In this study, high rate of hyperglycaemia was observed in patients in the top dose cohorts, consistent with the well-known effect of corticosteroid on glucose levels. However, hyperglycaemia resolved soon after cessation of steroid administration, whereas YS110 was detected in sera, with decreased serum DPPIV activity. Taken together, it is probable that premedicated corticosteroid, but not YS110, induces the hyperglycaemia observed in the patient cohorts receiving higher drug doses. With these new modifications, dose escalation up to 6 mg kg^−1^ was possible as in four patients in this cohort were treated without DLTs. Per protocol, 6 mg kg^−1^ was the highest dose level tested although the MTD was not achieved. The dose level of 6.0 mg kg^−1^ of YS110 was decided by study investigators to be the RP2D.

Total lymphocyte counts, as well as levels of CD26^+^ lymphocytes, fell at Day 2 below the baseline levels. However, total lymphocyte counts recovered to reach baseline level at Day 8 and thereafter. These data indicate that YS110 administration resulted in a decrease in levels of peripheral lymphocytes including the CD26-positive lymphocyte subset soon after drug administration, and it is probable that YS110-mediated suppression of peripheral lymphocyte levels, including the CD26-positive subset, resolved by as early as Day 8. Moreover, we observed a decrease in the level of the CD26-positive subset of peripheral lymphocytes following administration of YS110 alone without steroid prophylaxis in the 0.1--2.0 mg kg^−1^ cohorts, as shown in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}. Therefore, it is conceivable that YS110, but not premedication steroid, was responsible for the temporary effect on CD26-positive lymphocyte counts.

CD26 is also present in serum and other body fluids in a truncated form as sCD26/DPPIV, and our data also indicated that DPPIV enzyme activity decreased with increasing doses of YS110 ([Figure 2B](#fig2){ref-type="fig"}). Although DPPIV inhibitors are clinically used as oral hypoglycaemia agents ([@bib3]), hypoglycaemia was not observed during YS110 administration. Of note is the fact that \>80% inhibition of serum DPPIV activity was obtained 24 h after oral administration of clinically available DPPIV inhibitors (drug information published by each pharmaceutical company of sitagliptin, vildagliptin, saxagliptin and etc.), a level of inhibition comparable to that seen in patients treated with YS110. Our current data would therefore indicate that YS110 therapy is tolerable in the clinical setting.

The only treatment with level-one level of evidence for improving clinical outcome is the regimen consisting of a platinum doublet with an antifolate ([@bib31]). With this combined chemotherapy, patients with good performance status have a median overall survival of ∼1 year, and a median PFS of \<6 months. There is currently no standard second-line treatment with demonstrated ability to prolong survival. Importantly, patients who failed this first-line therapy have an extremely short survival (3.4 months), and are exposed to potentially life-threatening toxicities unnecessarily ([@bib4]). Due to the lack of efficacy of conventional therapeutic approaches, it is potentially significant that treatment with YS110 results in encouraging disease stabilisation with a median PFS of 32 weeks (26--57 weeks) in seven heavily pretreated CD26-positive patients who previously progressed on conventional therapies ([Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"}).

Recent work has demonstrated the functional role of DPPIV-mediated posttranslational modification of chemokines in regulating tumour immunity through its interaction with its substrate CXCL10 ([@bib25]). Preservation of the full length, bioactive CXCL10 by DPPIV inhibition using the DPPIV inhibitor sitagliptin resulted in increased level of CXCR3^+^ effector T cells in the tumour microenvironment and subsequent tumour growth reduction ([@bib25]). In view of these recent findings, data from our current trial showing that serum DPPIV activity was decreased following treatment with YS110 in a dose-dependent manner ([Figure 2B](#fig2){ref-type="fig"}). It would suggest that anti-tumour activity via DPPIV inhibition may constitute yet another mechanism of action for the anti-tumour activity of YS110, in addition to the mechanisms of action discussed above ([@bib11]).

We recently reported that CD3/CD26 costimulation induced the development of a human type 1 *T*~reg~ cells from CD4^+^ T cells with high level of IL-10 production and lymphocyte activation gene 3 (LAG3) expression ([@bib20]). Preclinical models showed that antibody-mediated blocking of LAG3 as potential anti-cancer therapy led to enhanced activation of antigen-specific T cells at the tumour sites and disruption of tumour growth ([@bib21]). Moreover, anti-LAG3/anti-PD-1 antibody treatment cured most mice of established tumours that were largely resistant to single antibody treatment ([@bib21]). Taken together, it is conceivable that CD26 itself may be a functional inhibitory molecule of an immune checkpoint system in certain disease conditions, similar to LAG3 or PD-1. In this scenario, CD26 blockade by YS110 may potentially function as an immune checkpoint blockade therapy, which can mediate anti-tumour activity in CD26-negative as well as CD26-positive cancers.

Microarray analyses of MPM cell lines treated with YS110 indicated that anti-CD26 mAb therapy resulted in the downregulation of cytochrome *c* oxidase polypeptide I and II, and metallothione molecules that confer resistance to apoptosis or chemotherapeutic agents ([@bib2]). In addition, suppression of drug-resistant-related transporters, DNA repair enzyme and oncogenic protein expression was observed ([@bib2]). These preclinical results suggest that YS110 can function synergistically with other antineoplastic agents such as selected chemotherapeutic drugs to inhibit tumour growth.

Tumour surface expression of CD26/DPP4 may also have direct biological effects on the malignant behaviour of tumours. In several human malignancies including colorectal CRC, chronic myeloid leukaemia, gastric adenocarcinoma and MPM, CD26/DPP4 expression is reported to be a marker of cancer stem cells ([@bib27]; [@bib9]; [@bib34]; [@bib10]; [@bib14]; [@bib7]). Given the potential role of CD26 surface expression in cancer biology, YS110 therapy may also influence tumour growth through its potential effect on the cancer stem cells of selected tumours.

In conclusion, our FIH study showed that YS110 therapy is generally well tolerated up to 6 mg kg^−1^ Q1W, which has been defined as the RP2D and results in encouraging disease stabilisation in a number of patients with advanced/refractory CD26-expressing cancers. Our findings also suggest that further clinical development of YS110 such as its use as part of combination therapies with other antineoplastic agents is warranted.
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![**Evaluation of CD26 staining by immunohistochemistry in cases of mesothelioma.**](bjc201762f1){#fig1}

![**Changes of serum CD26/DPPIV levels following YS110 treatment:** soluble CD26 (**A**) and DPPIV activity (**B**) mean±s.d. at cycle 1 at the different dose levels.](bjc201762f2){#fig2}

###### Baseline demographics and disease characteristics

  **Number of patients (*****n*****=33)**                      **Schedule and dose levels (mg** **kg**^−1^)                                             
  --------------------------------------------- -------------- ---------------------------------------------- --------- ------- ------- ------- ------- -------
  Age, median (min--max) (yrs)                   63 (41--76 )                                                                                            
  ECOG PS 0/1/2 (%)                                29/58/13                                                                                              
  Primary tumour type, *n* (%)                                 **Q2W**                                        **Q1W**                                   
                                                               **0.1**                                        **0.4**   **1**   **2**   **2**   **4**   **6**
  Mesothelioma (Meso)                              22 (67)     3                                              2         2       6       3       2       4
  Renal cell carcinoma (RCC)                       10 (30)     ---                                            1         4       4       ---     1       ---
  Urothelial carcinoma (UTC)                        1 (3)      ---                                            ---       ---     ---     1       ---     ---
  Median number of prior therapies (min--max)     3 (1--11)                                                                                              

Abbreviation: ECOG=Eastern Cooperative Oncology Group.

###### Adverse events (all grades) reported by ⩾10% of patients overall in any cohort

                                 **Dose levels (mg kg**^**−1**^)                                                                               
  ------------------------------ --------------------------------- ---------- ---------- ---------- ---------- ---------- -------------------- -------------------
  Asthenia                       3 100.0)                           2 (66.7)   0 (0.0)    8 (57.1)   2 (66.7)   3 (75.0)       18 (54.5)            10 (30.3)
  Condition aggravated           1 (33.3)                           0 (0.0)    1 (16.7)   4 (28.6)   1 (33.3)   3 (75.0)   10 (30.3)/5 (15.2)            
  Pyrexia                        2 (66.7)                           1 (33.3)   1 (16.7)   3 (21.4)   0 (0.0)    1 (25.0)        8 (24.2)            4 (12.1)
  Chest pain                     1 (33.3)                           1 (33.3)   1 (16.7)   2 (14.3)   0 (0.0)    0 (0.0)         5 (15.2)                 
  Chills                         2 (66.7)                           1 (33.3)   1 (16.7)   0 (0.0)    0 (0.0)    0 (0.0)         4 (12.1)            4 (12.1)
  General health deterioration   0 (0.0)                            0 (0.0)    0 (0.0)    2 (14.3)   1 (33.3)   1 (25.0)   4 (12.1)/4 (12.1)             
  Constipation                   2 (66.7)                           0 (0.0)    1 (16.7)   5 (35.7)   0 (0.0)    1 (25.0)        9 (27.3)                 
  Nausea                         0 (0.0)                            1 (33.3)   1 (16.7)   3 (21.4)   2 (66.7)   1 (25.0)        8 (24.2)            5 (15.2)
  Vomiting                       1 (33.3)                           1 (33.3)   2 (33.3)   2 (14.3)   1 (33.3)   0 (0.0)         7 (21.2)                 
  Diarrhoea                      0 (0.0)                            2 (66.7)   1 (16.7)   1 (7.1)    0 (0.0)    1 (25.0)        5 (15.2)                 
  Dyspnoea                       2 (66.7)                           1 (33.3)   3 (50.0)   5 (35.7)   0 (0.0)    3 (75.0)   14 (42.4)/7 (21.2)            
  Hyperglycaemia                 0 (0.0)                            0 (0.0)    1 (16.7)   3 (21.4)   2 (66.7)   2 (50.0)   8 (24.2)/4 (12.1)             
  Decreased appetite             0 (0.0)                            1 (33.3)   1 (16.7)   3 (21.4)   1 (33.3)   1 (25.0)        7 (21.2)                 
  Headache                       1 (33.3)                           2 (66.7)   0 (0.0)    3 (21.4)   1 (33.3)   0 (0.0)         7 (21.2)                 
  Flushing                       0 (0.0)                            0 (0.0)    0 (0.0)    1 (7.1)    2 (66.7)   3 (75.0)        6 (18.2)            5 (15.2)
  Hypersensitivity               0 (0.0)                            0 (0.0)    1 (16.7)   8 (57.1)   0 (0.0)    0 (0.0)    9 (27.3)/5 (15.2)    9 (27.3)/5 (15.2)
  Weight decreased               0 (0.0)                            1 (33.3)   0 (0.0)    5 (35.7)   0 (0.0)    0 (0.0)         6 (18.2)                 

Abbreviations: ADR=adverse drug reactions; AE=adverse events; *N*=number of patients.

A subject with more than one finding in a specific category was only counted once; percentages are based on the total number of subjects in each treatment group. The table is sorted by descending subject count. Infusion reactions related to YS110 treatment were further prevented by corticosteroids premedication.

###### Cycle 1 pharmacokinetics parameters (mean±s.d.) for YS110 administration

  **Dose (mg kg**^**−1**^)    **Dose Schedule**   **Day**   ***T***~**1/2**~**(h)**   ***C***~**max**~ (***μ*****g ml**^**−1**^)   **AUC**~**0--168**~ **(h ×*****μ*****g ml**^**−1**^)   **AUC**~**0--∞**~ **(h ×*****μ*****g ml**^**−1**^)   **CL (ml** **h**^**−1**^ **kg**^**−1**^)
  -------------------------- ------------------- --------- ------------------------- -------------------------------------------- ------------------------------------------------------ ---------------------------------------------------- ------------------------------------------
  0.4                                Q2W             1                ND                                  ND                                                ND                                                    ND                                              ND
                                                    29              14.8±ND                            5.85±ND                                            143±ND                                                145±ND                                         2.79±ND
  1                                  Q2W             1              26.4±ND                           22.7±5.68                                          768±73.3                                               692±ND                                         1.44±ND
                                                    29                ND                              43.5±29.3                                           979±NR                                                  ND                                           1.05±NR
  2                                  Q2W             1             36.4±12.2                          39.0±9.94                                          1710±360                                              1810±472                                       1.16±0.245
                                                    29             43.1±12.6                          40.1±10.4                                          2080±943                                             2280±1110                                       1.03±0.435
  2                                  Q1W             1             24.5±4.59                          30.8±4.20                                          1180±243                                              1200±251                                       1.72±0.334
                                                    15              31.5±NR                            67.3±NR                                           2150±NR                                               2230±NR                                         1.22±NR
                                                    29              29.8±NR                           27.5±20.1                                          1650±NR                                               1720±NR                                         1.33±NR
  4                                  Q1W             1             46.6±1.69                          72.5±27.1                                         4340±1030                                             4740±1140                                      0.876±0.206
                                                    15              70.4±NR                            82.4±NR                                           6000±NR                                               7450±NR                                         0.678±NR
                                                    29              76.2±ND                            98.4±ND                                           7320±ND                                               9340±ND                                         0.547±ND
  6                                  Q1W             1             67.8±13.8                           150±22.9                                        10 300±1800                                           12 800±3250                                     0.490±0.116
                                                    15             93.7±27.4                           182±17.2                                        15 700±3470                                           22 800±8250                                     0.393±0.0793
                                                    29              154±NR                             205±23.6                                        18 400±4320                                            39 700±NR                                      0.340±0.0814

Abbreviations: AUC=area under the curve; CL=clearance; ND=not determined; NR=not reported.

###### Time on YS110 treatment and median PFS of treated patients

  **Cohorts**    **Dose levels** **(mg** **kg**^**−1**^)   **Cancer types (*****n***)   **Median infusions** ***N*** **(min--max)**   **Median PFS days (min--max)**
  ------------- ----------------------------------------- ---------------------------- --------------------------------------------- --------------------------------
  Q2W                              0.1                              Meso (3)                               3 (3)                               42 (41--42)
  Q2W                              0.4                          Meso (2) RCC (1)                        18 (3--20)                            223 (40--273)
  Q2W                              1.0                          Meso (2) RCC (4)                         3 (1--3)                              40 (28--59)
  Q2W                              2.0                          Meso (6) RCC (4)                         3 (1--27)                             57 (13--399)
  Q1W                              2.0                          Meso (3) UTC (1)                         5 (1--20)                             47 (5--184)
  Q1W                              4.0                              Meso (3)                             4 (3--5)                              32 (22--59)
  Q1W                              6.0                              Meso (4)                           17.5 (1--30)                            58 (15--258)
  All                              All                                All                                4 (1--30)                             43 (5--399)

Abbreviations: Meso=malignant mesothelioma; PFS=progression-free survival duration; RCC=renal cell carcinoma; UTC=urothelial carcinoma.
